The dual sugar absorption test, specifically the lactulose:mannitol test, is used to assess gut health. Lactulose absorption is said to represent gut damage and mannitol absorption is used as a measure of normal small bowel function and serves as normalizing factor for lactulose. A underappreciated limitation of this common understanding of the lactulose: mannitol test is that mannitol is not absorbed to any substantial extent by a transcellular process. Additionally, this interpretation of lactulose:mannitol is not consistent with current understanding of paracellular pathways, where three pathway types exist: pore, leak, and unrestricted. Pore and leak pathways are regulated biological constructions of the small bowel barrier, and unrestricted pathways represent micropathological damage. We analyzed 2334 lactulose:mannitol measurements rigorously collected from 622 young rural Malawian children at high risk for poor gut health in light of the pathway model. An alternative method of normalizing for gut length utilizing autopsy data is described. In our population, absorbed lactulose and mannitol are strongly correlated, r ¼ 0.68 P <0.0001, suggesting lactulose and mannitol are traversing the gut barrier via the same pathways. Considering measurements where pore pathways predominate, mannitol flux is about 14 times that of lactulose. As more leak pathways are present, this differential flux mannitol: lactulose falls to 8:1 and when increased numbers of unrestricted pathways are present, the differential flux of mannitol:lactulose is 6:1. There was no substantial correlation between the lactulose:mannitol and linear growth. Given that mannitol will always pass through a given pathway at a rate at least equal to that of lactulose, and lactulose absorption is a composite measure of flux through both physiologic and pathologic pathways, we question the utility of the lactulose:mannitol test. We suggest using lactulose alone is as informative as lactulose:mannitol in a sugar absorption testing in subclinical gut inflammation.
Introduction
A top priority in global health is to reduce stunting, as it is associated with reduced longevity, economic productivity, and neurocognitive development in a variety of developing world settings. 1 In sub-Saharan Africa, 35% of rural children are stunted, in Malawi, 47% of children are stunted. 2 Focused, singular interventions to improve dietary intake
Impact statement
Our work integrates the standard interpretation of the lactulose:mannitol test (L:M), with mechanistic insight of intestinal permeability. There are three paracellular pathways in the gut epithelium; pore, leak, and unrestricted. Using thousands of L:M measurements from rural Malawian children at risk for increased intestinal permeability, we predict the differential flux of L and M through the pathways. Our findings challenge the traditional notions that little L is absorbed through a normal epithelial barrier and that M is a normalizing factor for L. Our observations are consistent with pore pathways allowing only M to pass. And that substantial amounts of L and M pass through leak pathways which are normal, regulated, cell-junctional adaptations. So M is a composite measure of all pathways, and L is not a measure solely of pathologic gut damage. Using L alone as a probe will yield more information about gut health than L:M.
and reduce enteric infectious exposures in populations vulnerable to stunting have been disappointing, resulting in little or no benefit. 3 Good gut health is necessary for optimal growth and development, as it maintains nutrient absorption while protecting the body from excess microbial exposure, infection, and inflammation. Association modeling of characteristics of stunted populations suggests that perturbed gut health plays an important role in the pathogenesis of stunting. 4 Perturbed gut health, referred to as environmental enteric dysfunction (EED), alludes to reduced nutrient absorption coupled with a chronic inflammatory state of the small bowel. 5 The most reliable methods to assess gut health involve direct (endoscopic) visualization of the gut and biopsy, and the dual sugar absorption test. 6 Endoscopy is a resource-intensive procedure that is not suited to mass screening, or to frequent intra-host assessment, especially in developing nations.
The dual sugar absorption test, in its most commonly used form, the lactulose:mannitol (L:M) test, is administered by orally ingesting a solution with an excess of both sugars, collecting all urine over a timed period of several hours and quantifying the excreted sugars. Both sugars are chemically inert and uncharged molecules. Lactulose (L), a 13 Å in diameter disaccharide, is absorbed only through cell junctions, while mannitol (M), an 8 Å monosaccharide, is thought to be absorbed across cell membranes and across normal cell junctions. 7 Once absorbed, these sugars are excreted unmetabolized in the urine. The results of the L: M test are expressed as a ratio of absorbed L and M, and it said that M normalizes the L value for intestinal surface area and/or intestinal transit time. [8] [9] [10] This explanation implies that healthy guts will absorb less L and more M, and that an inverse relationship between L and M exists.
Animal data do not support the notion that M absorption increases with improved gut health.
11 M does not bind to monosaccharide transporters in the gut epithelium with appreciable affinity, and there is no evidence for its active transport in large quantities across cell membranes. Endocytosis, another form of transmembrane absorption, is a process that captures very large molecules, often antigens, and occurs at rates orders of magnitude less than active transport, and is unlikely to be a mechanism of substantial M absorption. These observations suggest that differential absorption of L and M in children with EED and good gut health are properties of the permeability of cell junctions. A cell junction that is permeable to a disaccharide, L, on the basis of size and configuration, will also be permeable to a monosaccharide, M.
In animal models, the tight junction between epithelial cell membranes forms a selectively permeable barrier that can assume the configuration of either a pore pathway or a leak pathway. [12] [13] [14] [15] The pore pathway is a charge-and sizeselective channel with a diameter of 5-10 Å . The leak pathway is less selective channel with a diameter of 15-125 Å . Permeability increases in the presence of inflammatory cytokines, namely IL-13 and TNF. IL-13 augments paracellular permeability by increasing claudin-2 expression. TNF enhances transcription of myosin light chain kinase (MLCK), multiple claudins (1, 2, 12, 15 and 16), three tight junction-associated MARVEL proteins (TAMPSs; occludin tricellulin, and marvelD3) and ZO-1. 16 In addition, barrier function may be compromised by epithelial damage, large disruptions which allow for ingress of a wide range of molecules, bacteria, and complex antigens. 15 These disruptions are referred to as unrestricted pathways. Unrestricted pathways presumably occur after damage to leak and pore pathways, rather than in isolation from the other pathways. These three cell junction pathways are depicted in a cartoon in Figure 1 .
We used data sets collected from rural Malawian children at risk for EED with serial L and M measurements to test the following hypotheses (1) M and L are inversely correlated, which would be consistent with the traditional interpretation of dual sugar permeability tests, (2) that a mathematical modeling based only on the three pathways observed in animal models is consistent with the empiric clinical L and M data, and (3) that the L:M test is a useful indicator of gut health status as a predictor of linear growth.
Materials and methods

Patient population and L:M testing
Data from 622 children from two clinical trials conducted in rural Malawi were used. [17] [18] [19] This included L:M test measurements from children aged 6-12 months (n ¼ 815) and 12-36 months (n ¼ 1519). These children were apparently healthy, did not have acute malnutrition, a known or obvious chronic disability or disease, nor was diarrhea reported within 48 h of L:M testing. The study was approved by the College of Medicine Research and Ethics Committee, University of Malawi and Washington University Human Studies Committee.
Children were asked to take no food (water and breast milk were permitted) after 10 p.m. on the evening prior to the dual sugar absorption test. The test began when each child drank 20 mL solution containing 1 g M and 5 g L. Children were carefully observed to ensure complete ingestion of this solution; any child who spit, vomited, or refused the solution was brought back for testing on another day. Adhesive urine bags were placed on the child's perineum and monitored for urine output. As soon as urine was noted in the bag, it was removed and the urine transferred to a clean container containing 10 mg merthiolate to prevent bacterial degradation of the excreted sugars, and a new bag was placed. After 3 h, children were given water to drink to facilitate the collection of urine. After the child voided for the first time after 4 h, the urine collection was complete. The total amount of urine voided during the study was quantified and an aliquot flash frozen for analysis. The concentrations of L and M in urine were determined using HPLC, as described previously. 20 Our HPLC method has been previously validated using liquid chromatography-tandem mass spectrometry and the results were found to be highly correlated. 21 Previously, this population has had urine tested for M prior to administration of oral M and none was detected by HPLC. Correlation coefficients and best fit regression lines for L and M were determined using SPSS 24.0 (Armonk, NY, 2016).
Model definition and understanding of relative fluxes through paracellular pathways
The model was conceived on the basis of animal observations reported in the literature. [11] [12] [13] Three distinct pathways of different sizes were assumed; pore (small size, most prevalent), leak (medium sized), and unrestricted (large size, least prevalent) ( Figure 1 ). The pathways were assumed to absorb M and L at different rates, primarily on the basis of the configuration of the pathway. M and L were assumed to be inert and passively traverse the pathway on the basis of a concentration gradient, and thus their rates of absorption through each of the three pathways were fixed. The molar concentration gradient of L was 2.7 times greater than M. Because of disparities in the size of M and L with respect to the pathways, L absorption through the pore pathway was assumed to be negligible. Because the unrestricted pathway is so large compared to L and M, the rate of absorption for each sugar across the unrestricted pathway is likely to be equal. Since M is a smaller molecule than L and the diameter of the leak pathway can approximate the size of L, M is likely to be absorbed at a greater rate across leak pathways than L. The unit of measure of L and M for the purposes of modeling was mmoles. While we have several thousand empiric observations, we cannot uniquely solve for the rate constants because each observation yields two new equations, yet three unknowns. Therefore, we examined selected segments of the data set to offer insight as to what is occurring with L and M in the three pathways.
An important consideration is that the length of the small bowel, and thus the numbers of each pathway type, likely differs with age in pediatric populations. Since our data were drawn from children aged 6-36 months, a factor to normalize sugar absorption to bowel size was needed. Autopsy studies have described that small bowel length, as measured from ligament of Treitz to ileocecal valve, is proportional to stature in a wide range of ages of individuals from the fetus to adult. 22 Original measurements of pediatric small bowel length and body height from the most extensive autopsy study were obtained from the principal investigator. 22 These data were used to model small bowel length as a function of body length over the limited range of body heights of our study population. Log-log regression was used to model bowel length with respect to height. 23 The best fit mathematical model was used to calculate predicted small bowel length for all subjects for the purposes of normalizing %M.
Linear growth in the population studied
For subset of 1669 L:M measurements, linear growth data for the subsequent three-month period were available, and the Spearman's correlation coefficient between growth and sugar absorption was calculated. In addition, poor linear growth was defined as <À0.3 z scores over the subsequent three months. Random forest modeling is the most appropriate machine-based learning technique suited to predict a dichotomous outcome from a small number of independent variables which are related to each other. Therefore, random forest modeling was used to determine if measurements of L and M could be used to predict adequate or poor linear growth in this population. Linear growth was Figure 1 . Model of the three different epithelial permeability pathways. With respect to the dual sugar absorption test, k1, k2 and k3 are the rate constants by which mannitol (M) passes through pore, leak and unrestricted pathways, respectively, and k4 and k5 are the rate constants by which lactulose (L) passes through leak and unrestricted pathways, respectively. 24 
Ordiz et
al. Revised interpretation of dual sugar absorption test 679 expressed in change in length-for-age z-score (LAZ) determined from the WHO reference population for children in developing nations.
Results
Lactulose and mannitol are directly correlated
The study population was rural African preschool aged children, typically living in mud huts, and receiving more than half of their daily dietary energy from corn (Table 1) . L and M were directly correlated (Figure 2 ). Body length was best related to small bowel length in the subjects with a length from 55 to 95 cm by the following equation
Normalization of M measurements was achieved by calculating small bowel length for each child using the equation above, creating a term 'relative small bowel length' and dividing %M by this term. Relative small bowel length-¼ calculated small bowel length/425.3 cm (maximum small bowel length). Normalized %M (%nM) was used for pathway flux and growth comparisons.
Determination of relative flux of lactulose and mannitol across pore, leak, and unrestricted pathways
To determine which pathways are most active in different individuals at different time points, we plotted L versus M absorption ( Figure 3) . All values in which %L < 0.025%, which is extremely low, were not included in this analysis, as they are likely to be associated with a laboratory measurement anomaly. The slopes and plateaus seen on the plot were interpreted in terms abundance of the pore, leak, and unrestricted pathways. In particular, the first plateau was interpreted as a group of measurements in which pore pathways are saturated, and pore pathways account for most of the M absorption. Increases in M relative to L after this first plateau represented increasing numbers of leak pathways and unrestricted pathways. Comparison of L and M absorption provides data that are consistent with the proposed three pathway model of paracellular movement of small sugars (Table 2, Figure 3) .
The molar ratio of M to L absorption among children with %L < 0.35% is about 5:1. These children are absorbing M primarily through the pore pathway; this corresponds to section A of 
Sugar correlations with growth
The Spearman correlation coefficients (P value) with change in LAZ and %L, %nM and L:nM were 0.003 (0.90), 0.050 (0.04) and À0.051 (0.03), respectively. The random forest model with the best accuracy using %L, %nM and L:nM as independent variables and change in LAZ as the dependent variable correctly identified 54% of children with poor linear growth correctly and 52% good linear growth. The change in LAZ for the four sections of the histogram in Figure 3 (a) to (d) were À0.08 AE 0.42, À0.07 AE 0.41, À0.06 AE 0.37, À0.07 AE 0.37, respectively (mean AE SD).
Discussion
These data challenge the traditional interpretation of the L: M test when used to assess EED among children in rural Africa. The strong direct correlation between L and M suggests that both sugars traverse the gut barrier using the same pathways, and does not support the use of M as factor to normalize L between subjects. More than half of M is likely absorbed through pore pathways in our population, but a substantial amount of M passes through leak and unrestricted pathways in 70% of the children. Thus, total M measurements cannot be used to differentiate the types of paracellular pathways. L traverses the epithelium using the physiologic leak pathway and the pathologic unrestricted pathway, thus L is a combined measure of luminal inflammatory stimuli and small breaches in the epithelial barrier. Both of luminal inflammation and microruptures of the epithelium indicate poorer gut health, they do not inevitably lead to the growth leading characteristic of EED.
A major limitation of our findings is that the model applies only to the population from which the data were derived, rural African children aged 6-36 months at risk for EED, tested under the very same conditions as we rigorously employed. These conditions include the doses of L and M, method of administration of the sugars, and the duration of the urine collection.
The pathway model (Figure 1 ) is compatible with our empiric data, the relative rate constants are plausible for passive flow based on molecular size and the changes seen in relative flux of M and L are consistent with a model where there are increased numbers of leak and unrestricted pathways in some children. The magnitudes of the M values are not so large to suggest that substantial amounts of M might be absorbed via a transcellular process.
Evidence from inflammatory bowel disease and celiac disease indicates that increased numbers of unrestricted pathways are associated with worse clinical disease, and this is also seen in histologic studies of EED. 25 Healthy adults without intestinal disease will absorb less L and more M. 26 However, the clinical manifestations of guts with more or less leak pathways are unknown. Leak pathways are a normal component of the gastrointestinal tract tight junctions, as they are intricately regulated and controlled by innate biological processes. An excess of leak pathways might lead to clinical gut inflammation and barrier dysfunction, but it is uncertain at present what might constitute an excess. For EED to be implicated in stunting, it is likely that the presence of barrier disruption and unrestricted pathways is necessary.
A variation of the L:M test was recently described, where rhamnose (R) was substituted for M in African children. 27 R was chosen over M as there was less R present in commonly consumed crops, although it was acknowledged that use of R did not address the concern that any monosaccharide that is not absorbed transcellularly is trafficked in a similar manner. The L:R was shown to be much higher in 85 African children when compared to 46 children from South and North America, and multivariate regression modeling demonstrated an association with weight-for-age z score and L:R. The small numbers of children studied from very different demographies indicate that the dual sugar absorption test has utility in discerning substantial differences in gut health. We did not find the dual sugar absorption test as useful when we focused it on a larger group of vulnerable children in whom growth faltering is also important. Improvements in the dual sugar permeability test might be possible with the use of different sized probes. Currently, the variations of the dual sugar absorption test utilize different mono-and disaccharides, particularly monosaccharides that are or are not actively transported across the epithelium and disaccharides for which human enzymes exist to cleave them, such as sucrose, or no biological enzymes exist to cleave the sugars, such as sucralose. The choice of neutral molecules that are not actively transported allows the dual sugar absorption test to delineate the types and sizes of cell junctions. While radioactive chromium probes have been employed for this purpose and have an excellent safety record, the use of radioactive compounds in normal populations inherently raises concern. 28 Larger organic molecules which might serve as small bowel permeability probes might also provoke an antigenic response, so careful testing will be needed before such are accepted. Stable isotope tracers of carefully chosen common molecules that traverse the gut via paracellualr processes might also be useful. 29 The development of safe and pathway specific alternative intestinal permeability probes that are particularly chosen to differentiate pore, leak, and unrestricted pathways would allow for better understanding of the clinical significance of each pathway.
In this population, the correlation between linear growth faltering and dual sugar absorption tests was quite weak with r 2 < 0.01. Nor could random forest modeling of the dual sugar absorption tests predict growth faltering with sufficient reliability to be useful, even though these data are particularly suited to this machine-based learning method. Yet the population is identified as high risk for EED, and 35% were stunted. This is evidence that the L:M test, as currently implemented, is of limited utility in characterizing the gut health of rural African children.
Examination of Table 2 comparing L measurements to L: M reveals no obvious advantage in including M as a probe as intestinal permeability probe. While L steadily increases with more leak and unrestricted pathways, L:M is less dynamic, and thus it is more difficult to interpret. As is expected from the pathway model, L:M actually decreases with the most severe damage to cell junctions where unrestricted pathways are most numerous. In some populations, M is consumed in the diet and thereby obfuscates interpretation of L:M. Environmental contamination of sample by M in food and skin can confound the analyses as well. 27, 29 Measurement of two probes rather than one increases cost and complexity. Our previous studies from Malawi have found it is L, not L:M, that is best correlated with linear growth. 20 Pretesting of the population for dietary M excretion is also needed to have confidence that the M measured is from the test sugar. Given these limitations, the inclusion of a monosaccharide probe in intestinal permeability testing appears to be of dubious value as a normalizing agent.
If L alone is used in the sugar absorption testing, careful attention to the dosing of L and total time of the urine collection is necessary.
A recent report describes a mouse model where recurrent exposure to a low dose of a pathogenic Salmonella leads to a chronic inflammatory state of the intestinal lining, which persisted long after clearance of the Salmonella.
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This model may yield insight to into the pathogenesis of EED. Such a subclinical state might be best detected by an abundance of leak and unrestricted pathways in the intestine, in the absence of microbial antigens. This model emphasizes the importance of a test that delineates function and structure of the small intestine, such as the dual sugar absorption test, as we strive to understand and ameliorate EED.
In conclusion, improvements in the dual sugar absorption test are needed to allow it to accurately measure the relative numbers of the types of paracellular pathways. These improvements might come from using probes of different sizes or choosing probes that correlate with clinical outcomes. At present the rationale for using a ratio L:M for the detection of EED in a high-risk population is not supported by this empiric data, and the use of a single probe, L, will yield the same information. New methods for efficient and effective evaluation of intestinal health could prove a valuable contribution to the global plight against childhood stunting.
